The development of safe and potent vaccines for human respiratory syncytial virus (HRSV) is still a challenge for researchers worldwide. DNA-based immunization is currently a promising approach that has been used to generate human vaccines for different age groups. In this study, novel HRSV DNA vaccine candidates were generated and preclinically tested in BALB/c mice. Three different versions of the codonoptimized HRSV fusion (F) gene were individually cloned into the pPOE vector. The new recombinant vectors either express full-length (pPOE-F), secretory (pPOE-TF), or M2 82-90 linked (pPOE-FM2) forms of the F protein. Distinctive expression of the F protein was identified in HEp-2 cells transfected with the different recombinant vectors using ELISA and immunofluorescence. Mice immunization verified the potential for recombinant vectors to elicit significant levels of neutralizing antibodies and CD8 C T-cell lymphocytes. pPOE-TF showed higher levels of gene expression in cell culture and better induction of the humoral and cellular immune responses. Following virus challenge, mice that had been immunized with the recombinant vectors were able to control virus replication and displayed lower inflammation compared with mice immunized with empty pPOE vector or formalin-inactivated HRSV vaccine. Moreover, pulmonary cytokine profiles of mice immunized with the 3 recombinant vectors were similar to those of the mock infected group. In conclusion, recombinant pPOE vectors are promising HRSV vaccine candidates in terms of their safety, immunogenicity and protective efficiency. These data encourage further evaluation in phase I clinical trials. KEYWORDS DNA vaccine; disease enhancement; fusion protein; human respiratory syncytial virus; pPOE vector; truncated form CONTACT Fahad N. Almajhdi
Introduction
Human respiratory syncytial virus (HRSV) is associated with severe lower respiratory tract disease in infants, young children and the elderly. 1, 2 Disease progression and complications are more severe in children with underlying cardiopulmonary disease and immuno-compromised adults. Recurrent infections are common due to the inability of natural infection to establish long lasting immunity. 3, 4 A substantial disease impact was recorded in both developed and developing countries. Worldwide estimations have indicated that HRSV infects more than 33 million children each year, 3.4 million of whom have been hospitalized and 200,000 have died. 1 The annual burden of HRSV infections in the USA only was estimated at 2.8 billion US $ for children 5 and 1 billion US $ for the elderly. 6 Despite its significance, no licensed vaccines are available to control HRSV outbreaks. 7 The failure to validate an HRSV vaccine to date is attributed to the incomplete immunity of vaccine candidates, the lack of neutralizing antibodies, and the limited CD8 C T cell response. 8 HRSV is a primary member of the genus Orthopneumovirus and the family Pneumoviridae. 9 The viral genome comprises a single molecule of negative RNA that encodes 11 structural and non-structural proteins. 10 Two surface glycoproteins, attachment (G) and fusion (F), were described as principal targets for host immunity. 11 The F protein was highly recommended for use in the development of vaccine candidates due to its conserved nature and ability to induce neutralizing antibodies and cytotoxic T lymphocytes. 12, 13 A number of HRSV vaccine candidates were generated and tested in preclinical and/or clinical trials including FI-RSV, 14 live-attenuated, 15 subunit 16 and viral vector-based 17 vaccines. FI-RSV was prohibited due to its hazardous effect, which resulted in disease enhancement and the death of 2 vaccine recipients. 14 Such effects were attributed to the Th-2-biased immune response and pulmonary eosinophilia. 18 Other vaccine preparations had important limitations, which lessened their significance. These limitations included instability, the inefficient replication and risk of reversion of live-attenuated virus vaccines. 7, 15 and denaturation associated with the purification of subunit vaccines. 19 Naked DNA immunization is considered a promising approach for the generation of safe and potent vaccine candidates owing to its superior attributes. These include the ease of construction, highinsertion capacity, non-immunogenic nature of the vector, proper post-translational modifications, and induction of both humoral and cellular immune responses. Moreover, the production costs are relatively low, and the DNA is stable and does not require refrigeration for storage. 20, 21 Several DNA vaccine formulations containing the F, G and matrix protein (M2) either alone or in combination were tested in animal models. 220-26 these formulations were capable of stimulating the production of neutralizing antibodies, cytotoxic T lymphocytes and IFN-g and conferring protection upon viral challenge. However, the lower level of transgene expression and the need for large doses to evoke robust immune response require further improvements in the design of vaccine candidates. 27 Several investigators showed that the immunogenicity of DNA vaccines was significantly enhanced by the incorporation of CpG motifs 28 and/or cytokine genes 29 in the vector backbone.
In the current study, 3 different versions of the codon optimized HRSV F gene were individually cloned into the novel expression vector pPOE, which contains enhancer sequences such as a CpG motif, J-domain and SV40 enhancer for powerful gene expression and immune response ( Fig. 1 ). 30 The expression potential of recombinant pPOE vectors was evaluated via the transfection of HEp-2 cells, whereas the immunogenicity was studied in BALB/c mice. Virus challenge of immunized mice was undertaken to ensure safety and protective efficiency of the recombinant vectors.
Results

Recombinant pPOE vectors induced robust in vitro expression of F protein
The ability of recombinant pPOE vectors to express F protein; derived from the wild-type virus (Riyadh 91/2009), in HEp-2 cells was verified using quantitative ELISA and direct immunofluorescence. Significant concentrations of the F protein were identified in the wells transfected with the recombinant pPOE vectors compared with the negative control wells by ELISA (1.435 § 0.12 mg/ml; P D 0.002 for pPOE-F, 3.478 § 0.08 mg/ ml; P D 0.0002 for pPOE-TF and 2.747 § 0.14 mg/ml; P D 0.001 for pPOE-FM2). In contrast, cells transfected with the recombinant pPOE vectors showed diffuse intracytoplasmic fluorescence staining using HRSV-specific FITC conjugated antibodies. Negative control wells showed no specific fluorescence signals. Cells transfected with pPOE-TF vector displayed the highest fluorescence reactivity in terms of intensity and spread.
Recombinant pPOE vectors provoked significant antibody response in mice
The immunogenicity of recombinant pPOE vectors in mice was evaluated by determining the rise in serum levels of HRSV Fspecific antibodies (IgG and IgA) before and after immunization. Two sera samples were collected from the groups of mice at days 0 and 20 (i.e., before immunization and 10 d after the 2nd immunization). Antibody detection ELISA has revealed that there were no F-specific antibodies in the mice sera of any group at day 0. Similarly, no antibodies were detected at day 20 in the mice immunized with pPOE and in the mock-immunized group. The mice immunized with pPOE-TF showed an induction of high levels of IgG and IgA at day 20, with mean OD values of 0.583 § 0.039, P < 0.0001, and 0.256 § 0.03, P < 0.001, respectively. Both pPOE-F and pPOE-FM2 elicited reasonable antibody levels with mean OD values of 0.310 § 0.018 with P < 0.0001 (IgG) and 0.169 § 0.025 with P D 0.001 (IgA) for pPOE-F, and 0.322 § 0.018 with P < 0.0001 (IgG) and 0.159 § 0.01 with P < 0.0001 (IgA) for pPOE-FM2 ( Fig. 2A) . The neutralizing activity of the raised antibodies was evaluated by a micro-neutralization assay. Mice immunized with pPOE-TF developed the highest level of neutralizing antibody titer (5.5 § 0.58 log 2) compared with pPOE-F and pPOE-FM2 immunized mice (4.5 § 0.58 log2 and 4.75 § 0.5 log2, respectively).
Immunization with recombinant pPOE vectors elicited potent CTL activities
Cellular immunity was additionally monitored 10 d after the 2nd immunization by measuring IFN-g and granzyme B secretion of stimulated splenocytes ex vivo. All recombinant pPOE vectors induced robust IFN-g and granzyme B responses compared with the empty pPOE vector (IFN-g: 2.95 § 1.24 spots/ P < 0.0001 and 30 § 5.3; P < 0.001, respectively). However, splenocytes of pPOE-TF immunized mice revealed the highest responses to IFN-g (59.6 § 10 P < 0.01) and granzyme B (50 § 8.9; P < 0.001) ( Fig. 2B) . P values were calculated compared with the spots developed by the mock-immunized group of mice.
Further analysis of the cellular immune response by a 51 Cr release assay was conducted to determine the cytolytic activity of F-specific CTLs. In agreement with the results of the Elispot assays, splenocytes of the mice immunized with the recombinant pPOE vectors showed strong lysis of RMA-S cells loaded with the F 85-93 peptide. pPOE-TF vector mediated the highest cytolytic activity (40.37% § 5.37 P < 0.001) compared with pPOE-F and pPOE-FM2 (24.75 § 3.77; P < 0.001 and 29.5 § 5.87; P < 0.001, respectively). Poor lysis activity was described in mice immunized with the empty pPOE vector (2.75 § 1.03) and in the mock-immunized group (2.25 § 1.28) ( Fig. 2C ).
Mice immunization with recombinant pPOE vectors controlled virus replication in lungs and reduced airway inflammation post-challenge
Evaluating the competence of recombinant pPOE vectors in protecting immunized mice from challenge with wildtype virus (Riyadh 91/2009) was clinically indistinctive. All tested groups of mice did not develop apparent clinical signs, and no mortalities were recorded. At the 8th day post-challenge, lungs were extirpated from the immunized mice to measure the viral load and evaluate the extent of inflammatory response in the lung tissue. Endpoint titration indicated that the virus titer in groups of mice immunized with the recombinant pPOE vectors was 10 3.5 , 10 2.8 and 10 3.0 TCID 50 /gram of lung tissue for pPOE-F, pPOE-TF and pPOE-FM2, respectively. More relevant viral loads were identified in the lungs of FI-RSV immunized mice (10 3.7 TCID 50 /gram lung tissues). Mice immunized with empty pPOE vector displayed a titer of 10 5.6 TCID 50 /gram of lung tissues, whereas the mockinfected group did not show any signs of virus replication.
Histological examination of stained lung sections has revealed extensive pathologic abnormalities in the lungs of FI-RSV immunized mice (Score 3). These abnormalities included focal alveolar collapse with excessive peribronchial and perivascular leukocytic infiltration (mainly lymphocyte and plasma cells), and obstruction of the bronchiolar lumen with a mixture of inflammatory and necrotic cells. Mice that had been immunized with pPOE vector showed moderate airway inflammation with focal peribronchial aggregation of the infiltrating leukocytes (Score 2). Less severe inflammation was observed in the lungs of mice immunized with recombinant pPOE vectors. Few leukocytes were found around the bronchioles and the blood vessels with polypoids in the bronchial epithelial lining (Score 1). No signs of inflammation were observed in the mock-infected group (Score 0) ( Fig. 3 ).
Mice immunized with recombinant pPOE vectors displayed lung cytokine profiles comparable to mock-infected group
The lung cytokine profile of immunized mice was measured 8 d post-challenge to evaluate the capacity of recombinant pPOE vectors in stimulating a safe immune response. RNA was extracted and cDNA was synthesized for use as a template to generate Th1/Th2 gene expression profiles for each group of mice by using RT 2 -PCR Profiler arrays. The Ct values were normalized against the HKGs provided by the array, and the mock-infected group was set as a control for data analysis. Samples that exceeded a 2-fold change in gene expression were considered for further evaluation.
The cytokine profiles of the mice immunized with FI-RSV and empty pPOE vector consisted of a mixture of Th1 and Th2 responses. The FI-RSV group showed a marked increase in Th2 response with substantial upregulation of 16 of the 18 Th2-associated genes (fold change values ranged from 10.27 Figure 3 . Histopathological findings in the lungs of immunized mice at 8 d post-challenge. Lung sections were stained with haematoxylin and Eosin and were examined using an Eclipse E-800 microscope (Nikon). Images were captured with a DXM1200C digital camera at a magnification power of 200X. Lung sections of mock-infected mice showed no infiltration of inflammatory cells -Score 0 (A). Lung sections of mice immunized with empty pPOE vector showed focal peribronchial leukocytic aggregations (arrows) -Score 2 (B), and those of FI-RSV immunized mice displayed massive infiltration of leukocytes with several layers of infiltrating cells and airway restriction -Score 3 (C). The lung sections of mice immunized with pPOE-F (D), pPOE-TF (E), and pPOE-FM2 (F) showed few leukocytes infiltrating in the peribronchiolar space and polypoids of the epithelial lining (arrows) -Score 1.
for IL-4 to 72.84 for Ccl ¡ 5). The majority of the Th-1 associated genes (17 of 19) were upregulated to a lesser extent (fold change values ranged from 2.10 for GM-CSF to 47.33 for Socs-5). Alternatively, the group of mice immunized with empty pPOE vector showed a Th1-biased response with a distinctive upregulation of 18 Th1-associated genes (fold change values ranged from 8.9 for IL-2 to 51.99 for Tbx-21). Only 9 Th2-associated genes were upregulated in the pPOE group (fold change values ranged from 2.86 for Ccr-4 to 30.28 for Ccl ¡ 5) ( Fig. 4) .
In contrast, mice immunized with the pPOE-TF or pPOE-FM2 vectors have cytokine expression profiles very close to that displayed by the mock-infected group. Only 2 genes were upregulated in both groups; Ccl ¡ 5 (fold changes: 2.07 and 3.21, respectively) and Tbx-21 (fold changes: 2.44 and 2.26, respectively). For the pPOE-F group, 71 of the 84 genes were upregulated (23 genes 5-folds and 36 genes 2-folds). The fold increase in the Th1-associated genes (Tbx-21:18.38, Stat-4:7.2, Ccr-5:3.64, IFN-g:3.9, Cxcr-3:6.2, Stat-1:9.4, IL-18:12.14) was much higher than that in Th2-associated genes (Gata3:1.6, Ccr-4:1.3, IL-6:0.27, IL13:0.38, IL-25:0.23, IL-10:0.03, IL-27:0.46, IL-5:0.04, IL-4:1.39) ( Fig. 4) .
The effect of mice immunization on disease progression post-challenge was further analyzed by monitoring the expression level of genes involved in the TLR signaling pathway, eosinophil migration, acute inflammatory response and cellular immunity. FI-RSV and pPOE immunized mice exhibited upregulation of all genes contributing to disease enhancement, with higher fold change values for the former. However, these genes were marginally upregulated, downregulated or remained unchanged in mice immunized with pPOE-TF and pPOE-FM2 vectors. In pPOE-F immunized mice, 20 of the 25 genes involved in the aforementioned pathways were upregulated, with fold changes distinctly lower than those of the FI-RSV and pPOE groups (Table 1) .
Discussion
Lower respiratory tract infections caused by HRSV are still a major public health problem that requires seeking safe and effective vaccines. DNA vaccines are immunogenic and effective in protection against several viral infections, including HRSV. 21, 25, 26, 31 HRSV DNA vaccine candidates that used commercially available plasmid vectors such as pcDNA3.1, 23, 32 pET-32, 33 and pVCL1012 34 have variable immunogenicity and the ability to confront virus challenge. A novel immunization vector, which is currently unavailable in the market, was constructed to induce a potent CTL response and tumor regression in mice with cervical cancer 35 or prostate carcinoma. 36 The pPOE vector was designed to permit the introduction of several built-in enhancer sequences that allow better transgene expression and powerful induction of the immune response, including the J-domain, CpG motif and SV40 enhancer. The J-domain is known to mediate the MHC-I cross-presentation and priming of CD8 C T cells, which are crucial for HRSV clearance. 37 CpG activates the TLR-9 cascade and mediates interferon production via a MyD88-dependent pathway. 38 The SV40 enhancer increases nuclear uptake, particularly in non-dividing cells, 39 increases transgene expression 40 and potentiates the antibody response. 41 The F protein, a type 1 viral protein, has long been considered the most promising target for developing DNA vaccine candidates against HRSV due to its conserved nature and its ability to activate both the humoral and cellular immune responses. 42 However, the use of the non-optimized F gene in DNA vaccination has provided unsatisfactory protection in The heatmaps were generated using the MORPHEUS software tool. The rows were sorted in ascending gene expression order and were processed for hierarchical clustering using one minus Pearson's correlation. The gradient from blue to red indicates minimum to maximum expression of the indicated genes. The clustering of the groups of mice is shown above the columns.
mice. 27 The reason for this incompetence is the presence of premature polyadenylation signals that hinder F protein expression. Codon optimization was recommended to remove such signals and enhance codon usage. 22 Removal of the transmembrane domain also provided superior immunogenicity in vivo compared with the full-length F gene. 43, 44 Expression of the immuno-dominant epitope of the HRSV M2 protein (residues 82-90) in conjunction with the F or G proteins induced a potent CTL response and a balanced Th1/Th2 response in mice. 37,45 Therefore, we chose 3 different versions of the codon optimized HRSV F protein gene to be evaluated in mice after cloning into the pPOE vector. These recombinant vectors express full (pPOE-F), secretory (pPOE-TF) or M2 82-90 linked (pPOE-FM2) forms of the F gene (Fig. 1) .
The expression potential of the 3 recombinant vectors was first analyzed in cell culture before proceeding to in vivo studies. Significant levels of F protein were identified in HEp-2 cells using ELISA and immunofluorescence with a higher abundance of the secretory form. The proper expression of these constructs is consistent with the previous trials of DNA immunization using codon optimized and truncated F protein forms 17, 23, 26, 37 It was expected that the secretory form should have the lowest intracellular concentration due to its rapid secretion in the cell supernatant. Harvesting the expressed proteins 48 hr posttransfection, which may be insufficient for protein secretion, can justify this unexpected finding. The F protein is primarily expressed in a pre-fusion form, which is metastable and readily cleaved to the post-fusion form. 46 Both of the F protein forms, particularly the pre-fusion form, induce potent neutralizing antibodies. [47] [48] [49] The identification and quantitative measurement of both the F protein forms were not investigated in this study because both forms induce powerful immune responses. However, we expect that a mixture of pre-and postfusion forms exist in the transfected cells, with the post-fusion form dominating due to its higher stability.
The 2 arms of immunity were analyzed in response to immunization with the 3 recombinant vectors in BALB/c mice. All vectors, particularly pPOE-TF, induced significant levels of neutralizing antibodies and potent CD8 C T cell response (Fig. 2) because of the codon optimization and incorporation of the enhancer sequences in the vector backbone. Previous studies generated similar results in an IFN-g ELISPOT assay 23, 24, 50 ; however, we also performed granzyme B ELISPOT and 51 Cr-release assays to selectively recognize the cytolytic activity of HRSV-specific CD8 C T cells. Although including the M2 82-90 epitope in immunization against HRSV induced robust CD8 C T cell responses in many studies, 37, 45 we did not find significant differences between mice immunized with pPOE-F and pPOE-FM2 ( Fig. 2B and C) . This may confirm that the enhanced CD8 C T cell activity is principally attributed to subdominant epitopes in the F protein. 51 The vaccination failure against HRSV is attributed to the lower protective efficiency of the vaccine candidate and/or disease enhancement post-challenge due to the Th2-biased immune response. 52 Three parameters were considered for the evaluation of protection and enhanced disease in the current Table 1 . Fold-change expression of the genes associated with the immunologic pathways of disease progression in the lungs of immunized mice compared with the mock infected group. study, including viral load, histopathological alterations and cytokine profile in the lungs of immunized mice 8 d post-challenge. Although day 8 is a good time-point for assessing enhanced disease, the peak of viral replication is most commonly attained at days 4-6 after infection. Nevertheless, the altered pathogenicity of the virus strain used in the challenge experiments (Riyadh 91/2008) that peaks at days 7-8, as indicated by virus titration, immunofluorescence and real-time RT-PCR (unpublished data) justifies day 8 as a suitable time-point for testing protection and enhanced disease simultaneously. As well, at earlier time-points post-challenge, pulmonary viral loads and cytokine profiles will be very similar among all challenged groups 53 which restrict the possibilities to compare the current data with those reported in published studies. Therefore, late time-point of necropsy can give the immune system more time to control the virus replication and variation between immunized groups will be visible. Pulmonary cytokine profiling did not receive much attention in the literature, although it provides an accurate picture of the immunological response against virus challenge. Few cytokines have been considered for this analysis (mostly IL4 and IFN-g). 23, 31, 50 In the current study, we expanded the array to involve 84 genes associated with Th1 and Th2 immune responses (Fig. 4B) . A special emphasis has been drawn to the genes linked with acute inflammatory response, TLR signaling, eosinophil migration, and cellular immunity ( Table 1) . As expected from previous reports, 53, 54 FI-RSV immunized mice displayed a strong and prolonged immune response with a mixture of Th1 and Th2 activities (Fig. 4A) . The excessive production of cytokines that are involved in lung pathology and disease progression via the recruitment of eosinophils and induction of acute inflammatory response 13, 55, 56 was reported ( Table 1) . Although virus replication was markedly reduced (10 3.7 TCID 50 /gram lung tissue), the histopathological findings further confirmed the effect of mice immunization with FI-RSV in the development of an acute inflammatory response in the lungs post-challenge. This was manifested by excessive cellular infiltration and obstruction of the bronchiolar lumen.
In another context, the primary infection model presented by mice immunized with empty pPOE vector showed a distinctive upregulation of Th-1 cytokines (Fig. 4A) . A prolonged Th1-biased immune response in primary HRSV infection is well established. 25, 53, 57, 58 The lung pathology was less severe than that reported in the FI-RSV immunized mice (Fig. 3B) , although the lung viral load was still higher (10 5.6 TCID 50 /gram lung tissue). From the aforementioned results, it can be suggested that the overproduction of Th2 cytokines, but not the virus itself, is responsible for pulmonary inflammation and disease progression. Conversely, the cytokine profile of mice immunized with pPOE-TF and pPOE-FM2 vectors and, to a lesser extent, with pPOE-F was significantly diminished by the 8th day post-challenge. In contrast to FI-RSV immunized mice, there was a marked increase in the fold change values of Th1associated cytokines and downregulation of Th2-associated cytokines (Fig. 4A ). This may reflect the ability of the immune system to control virus replication in the lungs, as confirmed by the reduced viral load to 10 3.5 , 10 2.8 and 10 3.0 TCID 50 /gram lung tissue for pPOE-F, pPOE-TF and pPOE-FM2, respectively. Consequently, a less severe inflammatory response (Table 1 ) and leukocytic infiltration developed in lung tissue of these groups of mice (Fig. 3D, E and F) .
Although DNA vaccines proved to be efficacious in small animal models, application of such vaccines to larger animals and humans is still a challenge. Weak immune response elicited by DNA vaccines in clinical trials downscored their significance in humans. 59 However, Wang et al, reported that DNA vaccination was safe and elicited protective CD8C T cell responses in malaria-na€ ıve human subjects. 60 Poor immune response due to DNA vaccines can be overcome by codon optimization of the transgene encoded by the vector, the use of built-in adjuvants and the delivery approaches.59 DNA vaccines can be considered for immunization of infants, the principle target for HRSV vaccination, for 2 reasons: 1) they do not interfere with the preexisting maternal antibodies 61 ; 2) a single dose is sufficient to elicit long-term immune response. 62 The built-in enhancers that were supplied in pPOE vector used in this study can provide an additional advantage for the use of this vector in infants. Despite the promising results obtained in BALB/c mice, further experiments are required to optimize the administration dose, the time intervals between doses, the administration route and the delivery approach. Similar studies are also essential to verify the extent and duration of immunity in other animal models like cotton rats and non-human primates.
In conclusion, findings of this study indicated that the 3 recombinant pPOE vectors; particularly pPOE-TF, were able to produce high titers of HRSV specific antibodies with neutralizing activity and robust CTL response. They protected mice from virus challenge as indicated by decreased viral load and histopathology score in lungs with cytokine expression profile close to negative controls. Overall, recombinant pPOE vectors are promising HRSV vaccine candidates for further evaluation in phase I clinical studies.
Materials and methods
Virus, cell culture and bacteria HRSV type A strain Riyadh 91/2009 63 was propagated in human laryngeal epithelial (HEp-2) cells (ATCC, VA; CCL ¡ 23) cultured in Dulbecco Modified Eagle's Medium (DMEM) (Invitrogen, 41966) with supplements including: 10% foetal bovine serum (FBS) (Invitrogen, 10270), 2 mM L-glutamine (Invitrogen, 25030), 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen 15240). A virus stock of 10 6 TCID 50 / ml was prepared for use in the neutralization and challenge experiments. The virus stock was verified to be free from contamination with viral and/or bacterial pathogens using FTD respiratory pathogen 33 kit (Fast-track, FTD-2P-96/12). RAW 264.7 macrophage-like cells (ATCC) were cultured in DMEM with 10% FBS and penicillin/streptomycin. RAW macrophages were stimulated for 48 hours before use in the 51 Cr-release assays. For this purpose, cells were cultured in fresh medium supplemented with IFN-g (20 ng/ml). Chemically competent Escherichia coli DH 10-b cells (DH-10-100, MCLAB) were used for high efficiency transformation of plasmid DNA by the heat shock method.
Generation of the immunization vectors
Three versions of the HRSV F gene (GenBank accession JF714710) were codon-optimized for the human system and synthesized by GenArt. These versions include the full-length F gene (F), the truncated F gene that lacks the trans-membrane domain (TF) and the full-length F gene with a downstream 27-nucleotide stretch [250-276] of the HRSV M2 gene (FM2) [GenBank accession numbers: KY432885-KY432887]. All versions were supplied with the Kozak sequence and the J-domain at the 5 0 -end and the SV40 enhancer sequence at the 3 0 -end (Fig. 1A) . The different gene cassettes were cloned via 5 0 -HindIII (Thermo-Fisher, FD0504) and 3 0 -XbaI (Thermo-Fisher, FD0684) into the immunization vector pPOE, 30 which was originally derived from the vector pTHkan by inclusion of optimized CpG motifs for both the murine and human systems in the backbone 35 (Fig. 1B) . Recombinant vectors were verified by sequencing and were designated as pPOE-F, pPOE-TF and pPOE-FM2.
In-vitro expression analysis
The expression potential of the recombinant immunization vectors was evaluated by transient reverse transfection of HEp-2 cells. Plasmid DNA was extracted using an EndoFree Plasmid Giga Kit (Qiagen, 12391). Preparations contained less than 0.1 endotoxin units/mg of plasmid DNA, as tested by the Limulus endotoxin assay, were incubated with lipofectamine Ò LTX reagent (Invitrogen, 15338-100) [1:6 w/v] for 5 minutes. The DNA/lipid complexes were added to 6-well plates in duplicates and covered by a suspension of HEp-2 cells (8 £ 10 5 /well). Cells transfected with pPOE vector or DNA-free mixture served as negative controls. After 48 hr of incubation, the expressed proteins were harvested using lysis buffer (1% Triton, 50 mM Tris-HCl; pH 7.4, 150 mM NaCl, 1 mM EDTA, 2 mM AEBSF, 1 mM Phosphoramidon, 130 mM Bestatin, 14 mM E-64, 1 mM Leupeptin, 0.2 mM Aprotinin, 10 mM Pepstatin A). Quantitative measurement of the expressed F protein was achieved using a human RSV fusion glycoprotein ELISA pair set (Sino Biological, SEK11049). The protein concentration was determined on the basis a reference curve for a known positive control recombinant fusion protein provided by the kit. In an independent transfection set, cells were fixed with 80% acetone and stained with anti-HRSV FITC-conjugated antibodies (ThermoFisher, PA1-73017). Fluorescence signals were recorded, and images were captured using an IN Cell analyzer 2000 (GE Healthcare).
Mice immunization and challenge
Female BALB/c mice (6-8 weeks old) were maintained under pathogen-free conditions at the animal facilities of the College of Pharmacy, King Saud University (KSU). The animal experiments were performed in accordance with the regulatory guidelines set by the Research Ethics Committee, KSU (4/67/352665). Two sets of the experiments were performed in parallel for validation of the results. BALB/c mice were divided into 6 groups (16 mice each) and immunized twice by means of an intramuscular injection at days 0 and 10. Four groups were immunized using 50 mg of pPOE, pPOE-F, pPOE-TF or pPOE-FM2 agarose verified plasmid vectors (> 95% supercoiled). The 5th group was immunized with saline (mock-immunized) and the 6th group with FI-RSV (3 £ 10 5 pfu equivalents/mouse) for testing disease enhancement post-challenge. 13 Ten days after the second immunization, 4 mice were separated from each of the first 5 groups and killed for serum and spleen collection. The rest of the mice (n D 12) were intranasally challenged 4 d later with HRSV strain Riyadh 91/2009 (10 6 TCID 50 /mouse). The mock-immunized group was challenged with saline only (mock-infected). Mice were monitored daily for signs of morbidity and mortality. Eight days post-challenge, all mice were killed, and the lungs were aseptically collected. The lungs of each group of mice were divided into 3 sets (4 lung pairs each) for separate use in the determination of viral load, histopathology and cytokine profile analysis. All operations on live animals were performed under Isoflurane anesthesia.
Analysis of serum antibodies
Sera collected from the immunized mice were tested for HRSV F-specific antibodies (IgG and IgA) by ELISA. Three mg/ml of recombinant F protein (ThermoFisher, 40039-V08B-50) diluted in PBS were used to coat round-bottom ELISA plates (Becton Dickinson) and plates were incubated at 4 C overnight. Incubated well containing PBS were used as negative controls to correct the absorbance value of each test sample. Plates were washed 3 times with PBS containing 0.05% Tween 20 (PBS-T) and incubated for 1 hr at 37 C with 100 ml of milk buffer (5% milk powder in PBS-T) per well. After 2 PBS washes, serum specimens (diluted 1:10 in milk buffer) were added and plates were incubated for 1 hr at 37 C. Samples were removed and washed 3 times with PBS. To detect IgGs, HRP-conjugated rabbit anti-mouse IgG (heavy and light chains) (ThermoFisher, 61-6520) diluted 1:3,000 were used. Serum IgAs were detected by the usage of HRP-conjugated goat anti-mouse IgA (Sigma-Aldrich, A4789) diluted 1:10,000. After incubation for 1 hr at 37 C and 3 washes with PBS, substrate (200 mg of tetramethylbenzidine per ml in a solution of 0.1 M Na acetate [pH 6.0] and 0.03% H 2 O 2 ) was added. The reaction was stopped with 1 M H 2 SO 4 , and optical densities (ODs) were measured at 450 nm using a SpectraFluor Plus plate reader (Tecan, P97081). The neutralizing activity of the F-specific antibodies was determined as described before. 64 Briefly, 2-fold dilution series of sera samples (starting 1:10) were prepared in 96-well cell culture plates. Fifty microliters of Riyadh 91/2009 virus strain (100 TCID 50 ) were added to each well and incubated at 378C for 1 hr. Onehundred microliters of HEp-2 cells (5 £ 10 5 cells/mL) were added to each well and plates were incubated at 378C/5% CO 2 till appearance of cytopathic effect (CPE) in virus control wells (5-7 days). The last well that showed a 100% inhibition of CPE formation was considered as the end point dilution of the serum sample. The neutralizing antibody titer was determined as the reciprocal of the end point serum dilution.
Determination of T cell responses
Two x 10 7 spleen cells (pre-treated with ACT lysis buffer [17 mM Tris/HCl, 160 mM NH 4 Cl, pH 7.2] to deplete erythrocytes) were used directly for Elispot and 51 Cr-release assays. IFN-g and granzyme B Elispot assays were performed ex vivo as described before. 65, 66 Anti-mouse capture antibodies for IFN-g (200 ng/well; clone R4-6A2, BD Biosciences, 551216) or granzyme B (100 ng/well; R&D Systems, AF1865) were used to coat Multi-Screen-HA Filter Plates (Millipore, MAHAS4510). Splenocytes were seeded in triplicate in 2-fold dilutions from 2 £ 10 5 to 2.5 £ 10 4 cells/well. One of the triplicates was left untreated (negative control), the second received 200 ng of pokeweed mitogen/well (Sigma-Aldrich, L9379) in 2 ml of PBS (positive control), and the third received 0.2 mmol of KYKNAVTEL [F85-93, derived from F-protein of HRSV A2 strain] in 2 ml of PBS/well (test sample). After incubation for 16-20 hr at 37 C, cells were removed and biotinylated anti-mouse antibodies for IFN-g (200 ng/well; clone XMG1.2, BD Biosciences, 554410) or granzyme B (50 ng/well; R&D Systems, BAF1865) were added and incubated at 4 C overnight. Streptavidin-alkaline phosphatase (diluted 1:1000 in PBS; BD Biosciences, 554065) was added after 3 successive washes and was left for 2 hr at RT. Spots were developed by adding 5-bromo-4chloro-3-indolylphosphate/Nitro Blue Tetrazolium (Sigma-Aldrich, B5655). The reaction was stopped after 10 min, and spots were counted using a Zeiss Elispot reader. Counts of the negative control wells were subtracted from the counts of the test samples. The cytolytic activity of CD8 C T cells was also determined after a single in vitro re-stimulation of murine splenocytes using a 51 Crrelease assay. 65 Spontaneous chromium release was determined using 51 Crlabeled target cells without effector cells, and total chromium release was determined by adding 2% Triton X-100 to lyse the labeled target cells.
Lung viral load
Lungs of challenged groups of mice were separately collected, weighed and homogenized. After centrifugation of tissue homogenates at 1000 xg for 30 min (4 C), the clarified supernatants were used for virus titration by an end point dilution assay. Ninety-six well plates with 70-90% confluent monolayers of HEp-2 cells were inoculated with a series of 10-fold dilutions of clarified lung supernatants (prepared in DMEM with 1% FBS and 1x antibiotics/antimycotics). Plates were incubated at 37 C and 5% CO 2 for 5-7 d before recording the cytopathological changes in the infected wells. Further confirmation of the results was achieved by staining another set of plates 48 hr after incubation using HRSV-specific FITC-conjugated antibodies and identification of the fluorescent signals using an IN Cell analyzer 2000. The lung virus titer was expressed as TCID 50 /gm of lung tissue.
Histopathological examination
Lungs of 4 mice were collected from each group, rinsed and perfused with 10% neutral buffered formalin, and embedded in paraffin. Eight sections of each lung were prepared and stained with haematoxylin and eosin. 67 The lung sections were examined blindly, and 10 fields were read for each slide. The histopathological changes were evaluated using the scoring system developed by Hwang et al., 24 A score of 0 was assigned when the surrounding space of bronchioles was free from infiltrating inflammatory cells. A score of 1 was assigned when the surrounding space of bronchioles was infiltrated with few inflammatory cells. A score of 2 was assigned when the surrounding space of bronchioles contained focal aggregates of infiltrating cells or the structure was cuffed by one layer of infiltrating cells. A score of 3 was assigned when the structure was cuffed by 2 or more layers of infiltrating cells with or without focal aggregates. Images were captured using an Eclipse E-800 microscope equipped with a DXM1200C digital camera (Nikon).
Pulmonary cytokine profiling for Th1 and Th2 responses
The expression of cytokines involved in Th1 and Th2 responses was evaluated in the lung tissue of immunized mice post-challenge. Lungs were homogenized in liquid nitrogen, and RNA was isolated using an RNeasy Mini Kit (Qiagen, 74104). cDNA synthesis and genomic DNA elimination were achieved using an RT 2 first strand synthesis kit (Qiagen, 330401). A mouse Th1 and Th2 RT 2 -PCR Profiler Array (Qiagen, PAMM-034Z) was used to measure the expression level of 84 T-helper-associated genes in the ABI Prism 7500 Sequence Detection System (ThermoFisher). Five housekeeping genes (HKGs) and proprietary controls were tested in parallel for normalization of the assay results, monitoring genomic DNA contamination, cDNA synthesis and real-time PCR efficiency. Ct values were obtained using a constant baseline threshold, and the data were analyzed at a Qiagen data analysis center (http://www.qiagen.com/shop/ genes-and-pathways/data-analysis-center-overview-page). A clustergram was generated to display heatmaps with dendrograms indicating co-regulated genes across groups using MOR-PHEUS software (https://software.broadinstitute.org/morpheus). Hierarchical clustering was built using one minus the Pearson's correlation value.
Statistical analysis
The data were presented as the means and standard deviations. Differences between groups were analyzed using Student's t-test (2tailed) . Probability values < 0.05 were considered significant.
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